Massive hydraulic fracturing is used to enhance production from the low-permeability diatomite fields of Kern County, CA. Although critical for designing injection and recovery well patterns, the in-situ hydraulic fracture geometry is poorly understood. In 1990, Shell conducted an extensive seismic monitoring experiment on several hydrofractures prior to a steam drive pilot to characterize hydrofracture geometry. The seismic data were recorded by cemented downhole geophone arrays Ž . in three observation holes MO-1, MO-2, and MO-3 located near the hydraulic fracture treatment wells. Using lowpass filtering and moveout analysis, events in the geophone recordings are identified as conical shear waves radiating from tube waves traveling down the treatment well. These events appear to be created by the hydraulic pumps, since their amplitudes are correlated with the injection rate and the wellhead pressure. Conical wave amplitudes are related to the tube wave attenuation in the treatment well and to wave-propagation characteristics of the shear component traveling in the earth. Ž During the main fracturing stage, geophones above the fracture zone for wells MO-1 and MO-2 both roughly along the . inferred vertical fracture plane exhibited conical-wave amplitude increases that are caused by shear wave reflectionrscattering off the top of a fracture zone. From changes in the reflection amplitude as a function of depth, we interpret that the fracture zone initially extends along a confined vertical plane at a depth that correlates with many of the microseismic events. Toward the end of the main fracturing stage, the fracture zone extends upward and also extends in width, although we cannot determine the dimensions of the fracture from the reflection amplitudes alone. For all wells, we observe that the Ž . reflection and what we infer to be the initial fracture begins during a time period where no marked change in fracture pressure or injection rate or slurry concentration is observed. As the main fracturing stage progressed, we observed a significant decrease in amplitude for geophones below the top of the fracture zone. The attenuation was most pronounced for Ž . wells MO-1 and MO-2 along the fracture plane . However, near the end of the main stage, well MO-3 also exhibited a significant amplitude decrease, suggesting the development of a fractured ''process zone'' around the main fracture plane. In addition, well MO-3 also exhibited an amplitude decrease in an interval well below the initial fracture zone. Both the Rector et al.r Journal of Petroleum Science and Engineering 27 2000 49-58 50 Ž . interval and the direction toward MO-3 correspond with temperature log increases observed during later steam injection. q
Introduction
One of the most prolific oil provinces in the United States is the area near Kern County, CA. In Kern County, there are several major oil fields such as Midway-Sunset, Belridge, Lost Hills, Elk Hills, and Buena Vista. The cumulative oil-in-place esti-Ž . mates for the fields over 10 billion barrels are comparable to that of Prudhoe Bay. Much of the oil Ž is produced from diatomaceous rocks late and mid-. Ž . dle Miocene that are very porous 25-65% , rich in Ž . Ž oil 35-70% oil saturation , thick the reservoir in-. terval is typically about 1000 ft and with almost no Ž . Ž . permeability 0.1-10 md Ilderton et al., 1996 . Wells producing from the diatomite undergoes massive hydraulic fracturing to compensate for the low reservoir permeability.
Typically, three to eight intervals within the reservoir interval are fractured. Each fracture ideally re-Ž . sults in a single narrow less than 1 in. thick vertical ellipsoid with two symmetric wings radiating away from the wellbore oriented perpendicular to the di-Ž rection of least principal stress Geertsmas and de . Klerk, 1969 . The desired wing span of each fracture is typically about 300 ft tip-to-tip and the desired height is about 100-150 ft. Wells are densely spaced Ž . every 165 ft or less , making knowledge of hy-Ž draulic fracture geometry orientation, length, height, . symmetry and depth critical in determining optimal Ž . well locations Lacy, 1987 . Field studies have provided evidence that the geometry of hydraulic fractures is substantially more complex than the geometry predicted by simple models such as that described by Geerstmas and de Ž . Ž . Klerk 1969 or Perkins 1961 . The geometry may also be more complex than the geometry predicted Ž by three-dimensional numerical models Cleary et . Ž . al., 1988 . Warpinski and Teufel 1987 excavated rock subjected to hydraulic fracturing and observed bifurcations and direction changes occurring near Ž . fractures and faults. Warpinski et al. 1991 cored a hydrofracture conducted in a deep gas well and observed a multiple-fractured process zone. Fast et Ž . al. 1994 drilled a horizontal well and cored a hydrofracture performed in the Lost Hills diatomite. Nine separate fracture zones were encountered and seven zones contained proppant. These results, along with the heterogeneous nature of the diatomite, with numerous open and closed fractures and small faults, suggest that the hydrofracture geometry in the diatomite may be quite complex. This geometry may be quite difficult to predict using model-based techniques that typically require very detailed information about rock properties near the treatment borehole.
To gain a better understanding of hydrofracture geometry in the diatomite, Shell monitored several hydrofractures induced in the South Belridge field, using active and passive seismic techniques. Three observation wells were equipped with over 60 geophone pods cemented behind casing. The complete experiment configuration is summarized by Vinegar Ž . et al. 1992 . From shear wave microseismic obser-Ž . vations only very weak P-waves were detected , it was concluded that for one hydrofracture on a pro-Ž . ducing well 543P , the fracture zone was nearly vertical. Rather than observing one fracture over the entire perforation interval, the microseismic data showed that there were two distinct fracture zones corresponding to high porosity intervals. The upper fracture grew nearly 60 ft above the perforated interval. The orientation of the hydrofracture was approximately N26E. Active seismic monitoring suggested Ž . a wide process zone up to 40 ft in diameter of reduced shear wave velocity surrounding the hydrofracture. The presence of a wide process zone was Ž . also inferred by Meadows and Winterstein 1994 who used a VSP geometry to monitor a hydrofracture in the Lost Hills diatomite. A wide process zone Ž . is consistent with the model of Biot 1956a,b , who predicted a zone of dilatancy around the hydrofracture. Using numerical modeling, Mahrer and Mauk Ž . 1986 showed that this dilatant zone creates a low velocity zone around the hydrofracture. Ž . and IN2L, Ilderton et al. 1996 also showed that microseismic events were confined to the most porous zones within the perforation interval. For one well, the microseismic events occurred symmetrically in a vertical plane around the wellbore, while for another well, the events were highly asymmetric. Again, a wide process zone was inferred, however, the process zone could also have been caused by uncertainties in arrival time picking or uncertainty in shear wave velocity. Using conical shear waves generated Ž by the airgun as part of the active monitoring . Ž . experiment , Ilderton et al. 1996 were able to measure spatial variations in shear wave velocity and then locate microseismic events using these variable velocities.
Conical waves are created when a wave propagates up or down a borehole with a velocity that is higher than the surrounding formation velocity Ž . White, 1965 . These waves are the borehole analog of head waves used in refraction seismology. The conical wavefront propagates away from the borehole at an angle that is related to the ratio between the formation velocity and the borehole propagation Ž velocity Meredith et al., 1991; Rector and Hardage, . 1992 . In the diatomite, the shear wave velocity is about 2000 ftrs while the tube wave velocity in a cased well is about 4300 ftrs, and conical waves radiate away from the borehole at a wavefront-nor-Ž . mal angle with respect to the borehole axis of about 558. Conical shear waves propagate into the earth as plane waves and are reflectedrrefracted at interfaces and scattered at discontinuities just like any other shear wave. Thus, conical waves can be used to image the region around the borehole using both reflection and transmission approaches. Vinegar Ž . et al. 1992 showed that conical shear waves created Ž .
Ž . Ž . ) by microseismic events near the hydrofracture treatment well were attenuated as they propagated through a fractured interval.
In this paper, we use semi-continuous shear conical waves generated by fluid disturbances moving down the borehole during pumping to monitor a hydrofracture in the diatomite. We demonstrate the approach using the IN2U hydrofracture data previ-Ž . ously characterized using microseismic events by Ž . Ilderton et al. 1996 .
IN2U hydrofracture and seismic monitoring geometry
IN2U was a steam injection well drilled to a depth Ž . of 1620 ft 490 m and perforated between 1120 and 1450 ft. The hydrofracturing of IN2U lasted 2 days Ž and consisted of a small-volume hydrofracture the . minifrac on the first day, followed by a larger Ž . volume hydrofracture the main frac on the second day. Fig. 1a shows the injection rates and the wellhead pressures recorded during the five different injection periods of the minifrac. A solution of 2% KCl brine was used as the injection fluid for the Ž . early stages 1-3 of the minifrac. For stage 4, 40 lb cross-linked gel was used. Although no operator notes of the hydrofracture were available, we believe that stages 1-3 were performed to initiate the fracture near the wellbore, while stage 4 was performed with higher-viscosity gel in order to find the fracture-reopening pressure and the minimum in-situ stress magnitude. The total volume of injected fluids Ž 3 . during the minifrac was 940 bbl 133 m . After the minifrac, the well was shut-in for 24 h to allow the injected KCl to percolate into the microfractures created during the minifrac.
The main hydrofracture was created in seven stages over a 4-h period on the second day of pumping. Wellhead pressure history and injection rate history are shown in Fig. 1b . During stages 1 and 2, KCl followed by 40 lb cross-linked gel was used to reopen the fracture. During stages 3-7, a fluidrproppant mixture of cross-linked gel and 20r40 Ottawa sand was pumped into the hydrofracture. The total volume of injected fluids and proppant during the main hydrofracture was 2727 bbl Ž 3 . 387 m . . V is the tube wave velocity . Note the two vertically t segregated microseismic zones, one extending in a near-vertical plane toward MO-1 between 1150 and 1270 ft, and the other confined to a zone very near the wellbore at the bottom of the perforated interval Ž . 1400-1500 ft . Temperature logs run during later steam injection exhibited higher temperatures in these two zones than elsewhere within the perforation Ž . interval Ilderton et al., 1996 . For the upper zone, the temperature increase was greatest in the direction of MO-1, with lesser temperature increases observed at well MO-2 and MO-3. For the lower zone, the temperature increase was greatest in the direction of MO-3, nearly perpendicular to the upper fracture plane.
If the microseismic event locations are considered to be representative of the fracture geometry, then conical wave attenuation would be expected to be present in all wells beginning at a depth of about 1210 ft. Observation well geophones located above 1210 ft, would record conical wave reflection off the top of the fracture zone. Conical wave reflection effects above the upper fracture zone would be expected to be largest at well MO-1, but would be very small at well MO-3 unless a significant process zone existed. Conical waves transmitted through or around the fracture zone would also undergo the greatest attenuation towards well MO-1, and transmission-related attenuation would, again, be expected to be small at well MO-3, unless a significant process zone were present.
Pump-generated conical waves and their interaction with the hydrofracture
During the mini-and main stage periods of the IN2U hydrofracture, geophone records were usually Ž dominated by linear moveout ; 4300 ftrs apparent . velocity , periodic events. Fig. 3 shows an example of geophone records for the three observation wells. The linear-moveout events are interpreted as conical shear wave arrivals radiating from tube waves traveling down the treatment borehole. In a constant-veloc- ity medium, the apparent velocity of a conical wave arrival across a vertical array of geophones is equal to the tube wave velocity in the conical wave source well. The measured apparent velocity of 4300 ftrs is similar to the velocity obtained by Ilderton et al. Ž . 1996 for the IN2U well. We do not believe that the linear moveout arrivals shown in Fig. 3 correspond to downgoing tube waves in the observation wells because the top of the fluid column in these wells was over 900 ft below the surface. Noise generated at the surface would not be able to propagate as tube waves down to the geophones.
The conical wave events were found to be most energetic in the frequency range from 10 to 50 Hz. We believe that the conical wave arrivals are principally generated by the pumps because when injection stopped, the amplitude dropped by over an order of magnitude. Additionally, the amplitude of the conical waves increased when the fluid injection rate increased. Fig. 4 shows the amplitude of conical wave events measured during the main fracture. The amplitude was measured by computing the RMS amplitude of the geophone recordings over a non-overlapping 16-s window in the frequency range from 10 to 50 Hz. Episodes of high noise due to electrical interference and airgun shots were eliminated prior to computing the amplitudes shown in Fig. 4 . Two geophone Ž recordings, consisting of an upper located above the . treatment well perforation interval and a lower Žlocated below the treatment well perforation inter-. val geophone position, were selected for analysis of MO-2, the observation well nearest to the treatment well. The high correlation between wellhead pressure and conical wave amplitude for all geophone recordings is readily apparent in Fig. 4 . During the later stages of the main fracture, as the hydrofracture extends, the lower geophone amplitude drops progressively while the upper geophone amplitude stays constant mimicking the pressure. This observation suggests a relationship between conical wave attenuation, as measured by the change in amplitude with depth, and hydrofracture growth. Conical waves can be affected by tube wave attenuation near the borehole, or by changes in the amplitude of the shear body-wave component propagating outside the borehole from the treatment well to the geophone. In the absence of a hydrofracture, a tube wave traveling down a cased borehole is attenuated by heterogeneities in the borehole, such as Ž perforations and diameter changes shear velocity changes outside the borehole have a relatively small . effect on the tube wave amplitude, Kurkjian, 1985 . The far-field shear body wave can exhibit amplitude changes as a function of depth due to transmission and scattering effects. While the hydrofracture is open, the tube wave component traveling within the borehole can also be attenuated by fluid flow into the Ž . fracture Tang and Cheng, 1993 . When the hydrofracture is open, the shear wave component can be affected by scatteringrreflection off the fracturer Ž . Ž process zone surface s Meadows and Winterstein, . 1994 and by transmission attenuation for waves Ž . traveling through the fracture Vinegar et al., 1992 . To estimate changes in conical wave amplitudes as function of time, we scaled the measured amplitudes by the wellhead pressure to account for the conical wave ''source amplitude changes''. We also scaled the amplitude relative to the amplitude at Ž . t s 0 10:52:44 . Fig. 5 shows the scaled amplitudes for each of the observation wells as a function of geophone depth and main fracture history. From this figure, we can see that the most significant amplitude changes appear in MO-1 along the predicted fracture Ž plane where we would expect the most shear wave . scattering . As the treatment progresses, we observe low amplitude below 1276 ft, which we interpret to be attenuation of waves transmitted through the fracture, and higher amplitudes above 1110 ft, which we interpret to be caused by reflection off the top of the Ž . fracture zone Fig. 5 . Although less substantial than MO-1, amplitude changes also occur in MO-2 during the latest treatment periods. Only slight amplitude changes are observed in MO-3. A detailed summary of the amplitude changes are listed in Table 1 .
Interpretation of fracture geometry
From the locations of the observation geophones Ž . in three vertical wells , we believe that we can reliably estimate four fracture geometry properties from the conical wave arrival amplitudes:
Ž . a top of the fracture zone; Ž . b bottom of the fracture zone; With the recording geometry available, key elements of the fracture geometry such as fracture length, fracture width, and an accurate characterization of fracture azimuth could not be obtained from the data. To accurately characterize fracture length using the conical waves, would require distant monitor boreholes along the presumed fracture azimuth, while an accurate determination of fracture width would probably require highly deviated receiver boreholes.
Considering these limitations, we have created one interpretation of the fracture geometry and fracture growth from changes in the conical wave amplitudes as well as the microseismic event locations. At 10:53, we interpret that a thin vertical fracture zone is formed toward MO-1 at depth between 1231 and 1271 ft since the first significant low amplitude of conical wave is observed at 10:53. At 11:18, we interpret that the thin vertical fracture zone on MO-1 has extended up to 1176 ft and two other thin vertical fracture zones have formed. Between 1410 and 1450 ft, a zone oriented perpendicular to the initial fracture plane has developed. Another zone extends the initial fracture plane to the SW. In Fig. 6c , we show a map of Ž . changes to the fracture geometry: 1 toward MO-1 and MO-2, a fracture process zone capable of scattering the conical wave arrivals is formed, which is Ž . wider toward MO-1, 2 the presence of scattering effects on MO-3 perpendicular to the fracture orientation strongly argues for the presence of a process zone rather than a single vertical fracture. The orientation, depth and height of the main process zone interpreted in Fig. 6c are similar to microseismic Ž . events given by Ilderton et al. 1996 .
Temperature surveys were performed in several wells between 200 and 1400 days of steam injection in IN2U. Fig. 7 shows the square root of time interpolation in observation well LO12, MO-2 and LO15. We compared the temperature distribution with our 3-D fracture geometry interpretation to see if temperature increases corresponded with interpreted fracture zones. In well LO12, the highest temperature isotherm is at 1250 ft, gradually reducing above and below 1250 ft. The temperature distribution agrees with the interpretation of a main fracture zone, centered at 1250 ft extending to the NE, because LO12 is located along the main fracture zone azimuth from the injector. The temperature response of MO-2 has lower magnitude. This is consistent with less developed toward MO-2 than Ž . MO-1 Fig. 5b . LO15, located perpendicular to the strike of the main hydrofracture zone, has temperature effects that are similar to LO12 and MO-2, except around 1400 ft. At 1400 ft, the temperature in LO15 is higher than MO-2 and LO12. This is consistent with the conical wave amplitude interpretation that there is a fracture zone extending toward MO-3.
Conclusions
Passive recording of conical waves from the treatment well pumps provides a new technique for monitoring hydrofractures. The conical wave amplitudes are affected by tube wave propagation in the treatment well and by shear wave scattering and shadowing effects in the zone between the treatment well and the observation well. We observed significant scattering and shadowing effects for one observation Ž . well MO-1 located along the fracture azimuth and progressive weaker effects as the orientation of the observation moved away from the inferred fracture orientation. The distribution of amplitude with depth yields information about the vertical extent of the fracture. We inferred a fracture zone below the depth of 1170 ft with height of approximately 40 ft, and extending roughly toward MO-1 and MO-2. We also interpret a small fracture formed roughly perpendicular to the main fracture centered at 1430 ft. During the later periods of treatment, time-dependent changes in the hydrofracture scattering effects indicate that the main fracture between 1150 and 1240 ft grows to become a hydrofracture process zone rather than a single fracture. The width of this process zone cannot be determined.
The South Belridge Field is uniquely suited to conical wave imaging of hydrofractures using pump Ž signals, because well spacings are very small on the . order of 100 ft and shear velocities are lower than the tube wave velocity, allowing conical waves to radiate into the earth and propagate significant distances. In other regions where the shear wave velocity is greater than the tube wave velocity, conical shear waves are not generated. With the addition of a Ž reliable pump pilot signal perhaps obtained from . wellhead or downhole pressure sensors conical wave traveltime changes, as well as amplitude changes could be used to characterized hydrofracture geometry. In addition, correlation could be used to reduce the data volume and increase the signal to noise ratio of the pump signals.
